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Abstract
A series of Navier-Stokes simulations have
been carried out for the UpWind 5 MW Ref-
erence rotor operating in a half-wake situation
using the in-house code EllipSys3D. The up-
stream wake profiles were generated in the
aeroelastic code HAWC2’s Dynamic Wake Me-
andering model with a given turbulence inten-
sity (TI) in the free stream. Three TIs were
used: 0%, 5% and 10%. The resulting mean
wake profiles were subsequently prescribed at
the inlet to the CFD simulation in a laminar
fashion. An additional case was computed us-
ing a more idealised profile consisting of a hor-
izontal step change from 5 m/s to 10 m/s. The
half-wake situation caused a large reduction in
power production depending on the depth of
the upstream velocity deficit. However, the ro-
tor was found to operate at a near constant
power coefficient for all four cases compared
to the uniform inflow case. In terms of local
blade section characteristics it was found that
the phase lag was highest moving from the
undisturbed inflow into the wake deficit. The
extracted induced velocities in the rotor plane
showed a strong variation as a function of az-
imuth. This clearly indicates that in order to
handle non-uniform inflows accurately, Blade
Element Momentum codes need model induc-
tion with an azimuthal dependency.
1 Introduction
Modern wind turbines are frequently placed
in clusters, where they for significant periods
of time will operate in unsteady inflow condi-
tions caused by wakes from upstream turbines.
Together with other flow conditions such as
sheared inflow and large scale turbulence the
inflow across the rotor swept area is more of-
ten than not likely to be non-uniform. On oc-
casions with low ambient turbulence the up-
stream wake has been observed to be very sta-
Figure 1: Measured inflow angle and flapwise
blade root moment on a 2MW NM80 turbine
operating in a half wake situation [5].
ble giving rise to high velocity gradients on the
wake edge. Figure 1 shows the local flow angle
and blade root flap moment measured on an
NM80 wind turbine in a situation where it op-
erated in half-wake from a turbine situated 3.1
rotor diameters upstream [5]. The flow angle is
seen to vary with up to 12 deg. corresponding
to an estimated variation in the axial velocity of
9 m/s.
In the above experiment and others it has
been documented that turbines often operate
under conditions with highly non-uniform in-
flow. The question then arises how well these
types of flow situations are modelled in the de-
sign codes used by industry. In a BEM con-
text the non-uniform inflow and consequently
non-uniform induction have to be handled by
an appropriate model. This is by no means
trivial, which for the case of inflow shear, has
been shown in recent work by Madsen et al.
[6] where a number of engineering codes and
advanced flow models were compared.
A large body of work exists on wind turbine
wakes and turbine wake operation [9, 11, 13,
16]. Common to all these works is that the ro-
tor itself is modelled as either an actuator disc
(AD) or using an actuator line (AL) approach,
where each blade is represented using body
forces. In the AL approach the forces imposed
in the computational domain are generated us-
ing a Blade Element model together with ap-
propriate airfoil data. The article by Madsen
et al. [6] indicated that also these types of mod-
els are associated with some uncertainty due
to e.g. the application of tip correction models.
The present work aims to extend the knowl-
edge gathered in Zahle and Sørensen [19] and
Madsen et al. [6] where the influence of atmo-
spheric shear was investigated. This work fo-
cuses solely on the flow situation where a tur-
bine operates in the half-wake of an upstream
turbine. Similarly to the simulations of shear,
the non-uniform inflow is prescribed in a steady
fashion, i.e. the time varying effects of wake
meandering are not included.
Simulations are carried out for one idealised
case consisting of a horizontal velocity step
from 10 m/s to 5 m/s as well as three half-wake
conditions with wake profiles extracted three
diameters downstream of a turbine operating
in 0%, 5% and 10% turbulence intensity, re-
spectively. A more detailed description of the
method is given in Section 3.
The ommision of the meandering process of
the upstream wake deficit due to large scale
turbulence is a deliberate choice in this work
in order to simplify the already very complex
flow case. However, it is clear that this simpli-
fication renders the results less likely to com-
pare well with actual power outputs of real tur-
bines, since the meandering process has a
tendency to smear the steep gradients in the
wake deficit. The test cases should make it
possible to analyse the possible shortcomings
of various properties of BEM codes, in partic-
ular their ability to correctly model azimuthally
varying induction as well as time delay contri-
butions from the dynamic stall and inflow mod-
els.
2 Computational Methods
2.1 Flow solver
All computations in this study were carried out
using the flow solver EllipSys3D developed by
Michelsen [7, 8] and Sørensen [14]. The El-
lipSys3D solver is a multiblock finite volume
discretization of the incompressible Reynolds-
averaged Navier-Stokes (RANS) equations in
general curvilinear coordinates. The variables
are stored in a collocated grid arrangement,
and odd/even pressure decoupling is avoided
using the Rhie-Chow interpolation [12]. To
solve the coupled momentum and pressure-
correction equations the iterative SIMPLE [10]
or PISO [2] algorithms are used. For unsteady
simulations the solution is advanced in time
using a second order iterative time-stepping
(or dual time-stepping) method. The convec-
tive terms are discretised using the Quadratic
Upstream Interpolation for Convective Kine-
matics Scheme, QUICK [4], and the viscous
terms are discretised using the central differ-
ence scheme. To accelerate the convergence
of the pressure-correction equation a multigrid
solution strategy is implemented and the code
is fully parallelised using the MPI library. To
further accelerate the convergence of the solu-
tion, grid and time step sequencing is used. In
each level in the grid sequence every second
grid point is removed, reducing the number of
cells by a factor eight.
2.1.1 The overset grid method
To handle the relative motion between the ro-
tor and the ground the so-called overset grid
method is used. In the present implementa-
tion by Zahle [18] each group of simply con-
nected blocks is solved using boundary con-
ditions on the overlapping interfaces based on
interpolated values of velocity from neighbour-
ing grids using trilinear interpolation. An ex-
plicit correction of the conservation error asso-
ciated with the non-conservative interpolation
is implemented, since a divergence free field is
required to solve the pressure-correction equa-
tion. The correction is placed in internal cells
along the overset boundaries and is distributed
proportionally to the local mass flux. The so-
lution of the pressure is obtained on the basis
of the mass fluxes calculated from the momen-
tum equations.
2.2 Computational Mesh
The 5 MW Reference turbine used in this work
has a rotor diameter of 126 m and has a hub
height of 90 m. The rotor is modelled without
tower, nacelle and spinner and the simulations
do not include any elastic deformation of the
rotor.
The simulations were all carried out using
overset grids. The grid consisted of a total of
four overlapping block groups, one body-fitted
grid around the rotor and three background
grids to resolve the wake and farfield. The
surface mesh around each blade of the rotor
Figure 3: Computational domain around the
UpWind 5MW reference turbine.
had 256 cells in the chordwise direction and
128 cells in the spanwise direction and was
grown outwards using HypGrid3D [15] to form
an O-O topology. The first cell in the boundary
layer had a height of 1×10−6 m correspond-
ing to a y+ of less than 2. This mesh was
grown outwards approximately 7 m using 64
cells. This was embedded in a cylindrical mesh
with a radius of 78 m and length of 34 m con-
sisting of 96 blocks of 323. The third block
group covered the wake and had a radius of
88 m and extended 1.25 rotor diameters down-
stream and contained 80 blocks of 323. The
outermost blockgroup was semi-cylindrical and
extended 8 rotor diameters away from the rotor
and consisted of 52 blocks of 323. The total
grid assembly contained 15×106 cells. Figure
2 shows a front- and sideview of the mesh.
In the simulations, the rotor mesh and the in-
nermost cylindrical grid rotated together at the
rotational speed of the rotor, with the latter two
block groups stationary.
Figure 3 shows the computational domain
with overall dimensions. The inflow bound-
aries are highlighted in blue, while on the
bottom ground boundary, a symmetry (slip-
wall) boundary condition was applied. A zero-
gradient outflow condition was imposed on the
downstream boundary shown in red.
2.3 Computational Parameters
All simulations were carried out using the
QUICK scheme to discretise the convective
terms and the SIMPLE algorithm was used to
solve the coupled velocity/pressure equations.
In all the simulations the flow was assumed to
be fully turbulent using the k − ω SST model.
At 10 m/s the UpWind rotor has a rotational
speed of 1.2 rad/s. However, since the turbine
operates in wake, the turbine controller would
reduce the rotational speed proportionally to
the reduction in power production. Based on
HAWC2-aero calculations, the rotational speed
was set to 0.92 rad/s, which is the rotational
speed used for all flow cases in this paper.
Similar to simulations with a sheared inflow,
wake-simulations were found to require a sig-
nificant amount of simulation time to converge
towards a periodic solution. To minimise the
computational time, grid sequencing and time
step sequencing were used by firstly comput-
ing the flow on the mesh coarsened by a factor
of two in each coordinate direction (grid level 2)
with a very coarse time step of 2.2765× 10−2
with 300 time steps per revolution for 20 rev-
olutions (Gr3). While still on grid level 2, the
time step was subsequently refined by a factor
of five to 4.553×10−3 yielding 1500 time steps
per revolution for another 15 revolutions (Gr2).
Finally the mesh was refined to the finest grid
level (grid level 1) and the time step refined by
a factor of two to ∆t = 2.2765 × 10−3 (Gr1).
Convergence of the solution will be addressed
in the Results section.
3 Flow Cases
The wake profiles used in this paper were gen-
erated using the recently developed DWM (Dy-
namic Wake Meandering) model by Madsen et
al [6]. The model contains three sub-models:
a method to compute the quasi-steady veloc-
ity deficit and its development downstream, a
model of the downstream wake meandering
process, and finally, a model of the added
wake turbulence. In the present work the wake
profiles were extracted three rotor diameters
downstream of a turbine operating in a flow
with a given inflow turbulence and no mean
wind shear. The extracted velocity profiles
were subsequently time-averaged, since they
were applied as a stationary profile to the CFD
simulations.
Three wake flow cases were chosen with
0%, 5% and 10% turbulence intensity. Al-
though the 0% scenario is unlikely to occur
very often, virtually laminar flow conditions
do occur at night time under highly stratified
flow conditions which will be associated with a
strong atmospheric shear. In the present flow
cases, however, shear has been omitted. The
wake in all three cases were horizontally offset
60 m from the rotor center. An additional more
idealised case was setup since it quickly be-
came evident that the azimuthally varying load
patterns using actual wake shapes were very
Figure 2: Sideview and frontview of the mesh around the UpWind 5MW reference turbine generated
with a hub height of 90 m.
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Figure 4: Wake profiles used as inflow for the
simulations.
complex. This case consisted of a horizontal
velocity step from 5 m/s to 10 m/s with the tran-
sition between the two velocity levels roughly
corresponding to the 0% TI case. The velocity
profile was defined by the following function:
w(x) = .75− .25
(
− tanh(
x · 8.78044
63.0
)
)
(1)
Figure 4 shows the four velocity profiles ap-
plied at the inlet. Note that the first three cases
are applied as a rotationally symmetric profile,
whereas the velocity step is constant in the ver-
tical direction. Figure 5 shows the inflow pro-
files in a contour plot with the rotor drawn in for
reference.
4 Basic Definitions
The following sections present all results
in terms of sectional normal and tangential
forces, as well as mechanical power production
and thrust. The normal and tangential forces
are defined relative to the rotor plane; that is
normal to and tangential to the rotor plane and
is composed of both pressure and skin friction
components. Likewise the integrated thrust
and torque of the rotor also comprise both skin
friction and pressure contributions. Results are
presented in a polar grid, where the azimuth
angle is defined as zero when the blade is
pointing vertically upwards, and positive in a
clockwise rotation.
The power available in the wind is
Pavail =
1
2
ρw3Aswept, where w is the ax-
ial flow velocity and Aswept is the rotor swept
area. When dealing with non-uniform inflows
it is not meaningful to define the power co-
efficient relative to some reference velocity
defined at e.g. hub height, since this rarely
reflects the actual energy content in the
flow. Rather, the power coefficient should be
defined relative to the actual energy content
over the rotor swept area. The mechanical
power coefficient, CP is thus defined as:
CP =
Pmech
1
2
ρ
∫ R
0
∫
2pi
0
w(r, φ)3drdφ
(2)
where r is the radius and φ is the azimuthal an-
gle. Likewise, we define the thrust coefficient
as:
CT =
T
1
2
ρ
∫ R
0
∫
2pi
0
w(r, θ)2drdφ
(3)
where T is the rotor thrust.
The local power coefficient is defined as fol-
lows:
CP−local =
∆P
1
2
ρw(r, θ)3∆A
=
Ftω·nb
ρpiw(r, θ)3
(4)
where Ft is the local blade force per meter
tangential to the rotor plane, ω is the rota-
tional speed, and nb is the number of blades.
This definition assumes that the local force is
constant along an annular element, which for
a non-uniformly loaded disc it clearly is not.
As such it is not comparable to the global
power coefficient defined in 2 for non-uniformly
XY
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Figure 5: Contour plot of the inflow profiles for the 10% TI case (left) and the velocity step case
(right).
Grid Torque (kNm) Thrust (kN)
Gr3 2079.95 (5.8%) 353.23 (2.1%)
Gr2 2032.72 (3.4%) 344.95 (0.3%)
Gr1 1966.78 (-) 346.07 (-)
Table 1: Integral forces for the velocity step
case at each of the three grid/time step levels.
loaded rotors, however, it provides insight into
the local power extraction across the rotor disc.
The local thrust coefficient is similarly de-
fined as:
CT−local =
Fn∆r
1
2
ρw(r, θ)22pir∆r
=
Fn
ρw(r, θ)2pir
(5)
where Fn is the local blade force per meter nor-
mal to the rotor plane, ∆r is the width of the
annular element.
5 Results
5.1 Convergence Study
Figure 6 shows a typical time history of the
torque for a wake-flow case, here showing the
ten revolutions at the finest grid level and time
step (Gr1). Table 1 shows the rotor thrust and
power production for the velocity step case for
each level of the time step and grid level re-
finement, Gr3, Gr2, and Gr1. As is evident
the integrated forces are predicted quite accu-
rately even at the coarsest time step level on
grid level 2, resolved by only 300 timesteps.
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Figure 6: Time history of the torque at the
finest grid level and time step.
5.2 Case Comparison
Figure 7 shows the blade root flapwise and
edgewise moments over one revolution, com-
paring the four test cases. Comparing the
flapwise and edgewise moments it is evident
that the edgewise moment is significantly more
reduced then the flapwise moment when the
blade is submerged in the wake from the up-
stream turbine. The velocity step and the 0%
TI cases are clearly the most severe cases
of the four, since the gradients in the inflow
correspond to an inflow with zero turbulence.
In the velocity step case we can observe an
overshoot of the flapwise moment as the blade
passes through 0 deg. azimuth and 180 deg.
azimuth, which is not evident in the tangential
force. In the 0%, 5% and 10% TI cases we see
a progressive increase in the smearing of the
effect of the local speedup in the center of the
upstream wake, as well as a reduction in the
force gradients coming in and out of the shear.
Turning to the integral loads averaged over
one revolution, the reader is reminded of the
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Figure 7: Blade root flapwise and edgewise moments for the four cases over one revolution.
definition of the power and thrust coefficients in
Equations 2 and 3, which will be used in the fol-
lowing analysis. Table 2 shows the rotor thrust
and mechanical power, with corresponding co-
efficients of CT and CP .
The reduction in power production and thrust
is largely identical for the velocity step and the
10% TI cases, which is seen to decrease fur-
ther with decreasing turbulence intensity. It is,
however, interesting to see that besides small
decreases for the 0% TI case the power co-
efficient is slightly increased in the half-wake
cases compared to the uniform inflow case. In
the Discussion we will look further into the local
power extraction across the rotor disc.
Figure 8 shows the normal and tangential
force distributions along the blade as a po-
lar plot showing the azimuthal variation of the
forces over a full revolution for all four cases.
Figure 9 shows the force for four specific az-
imuthal positions, 0 deg, 90 deg, 180 deg. and
270 deg.
The first test case that is discussed is the
idealised case consisting of a horizontal veloc-
ity step from 5 m/s to 10 m/s. As opposed
to the actual wake cases the inflow velocity is
constant in the vertical direction, with the con-
sequence that a blade experiences the velocity
change simultaneously along the entire span
at 0 deg. and 180 deg. azimuth. For both the
normal and tangential forces there is a differ-
ence between the load at the 0 deg. and 180
deg. positions, most pronounced in the tan-
gential force. This difference, however, is as-
sociated with fairly small phase lag, which due
to the large gradient in the force results in a
large difference. From Figure 7 the phase lag
was found to be 4.3 deg at the 0 deg. blade
position. At the 180 deg. position the lag was
found to be only 0.5 deg.
The most severe of the flow cases was the
case with the zero turbulence profile. As is
evident from Figure 4 the velocity in the pro-
file is reduced approximately 64% in the deep-
est part of the deficit. As shown in Figures
8 and 9 the depth of the deficit results in the
blade barely producing any power as it passes
through the deficit. In fact, a visualisation of
the flow revealed that the velocity is negative
in the wake, causing tip vortices from the pre-
vious blades to interact with the blade in the
0 deg. to 180 deg. azimuth range. The high
degree of complexity of the flow makes it un-
suitable to compare against BEM codes, since
these codes cannot model such high thrust co-
efficients. As opposed to the idealised case,
the normal and tangential forces are higher at
the 180 deg. azimuth position compared to 0
deg. position, which is unexpected, since a
pure dynamic stall effect would give rise to a
phase lag.
Turning to the cases with 5% and 10% turbu-
lence intensity, we see that the blade forces are
now significantly more smeared as a result of
the lower gradients in the upstream wake pro-
files. The apparent phase lead on the outer
sections of the blade in the normal and tangen-
tial forces is also seen in these two cases. Ad-
ditionally, we see that the outermost blade sec-
tions appear to contribute with negative torque
in the 180 deg. azimuth region.
5.3 Extraction of Induced Veloci-
ties
The induced velocities in the rotor plane are
relevant particularly in a BEM context, since
the induced velocities determine the local an-
gle of attack that in turn is used to look up
local aerofoil forces on the blade section. In
a CFD simulation the induced velocities can
be extracted using the so-called reduced ax-
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Figure 8: Blade force normal and tangential to the rotor plane for the four half-wake cases shown as
a polar contour plot over a complete revolution.
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Figure 9: Blade force normal to the rotor plane for the four half-wake cases for four azimuthal angles.
Cases Power (kW) CP Thrust (kN) CT
Uniform (0.92) 3329 0.436 479.7 0.628
Step 1810 (-45.6%) 0.440 (0.92%) 349.9 (-27.1%) 0.738 (17.5%)
TI=0% 1494 (-55.1%) 0.429 (-1.6%) 295.8 (-38.3%) 0.732 (16.6%)
TI=5% 1711 (-48.6%) 0.444 (1.8%) 330.4 (-31.1%) 0.731 (16.4%)
TI=10% 1809 (-45.7%) 0.450 (3.2%) 346.0 (-27.9%) 0.733 (16.7%)
Table 2: Power and thrust of the turbine for the four half-wake cases compared to uniform inflow.
ial velocity method outlined by Johansen and
Sørensen [3], which was originally proposed
by Hansen et al. [1]. For non-uniform inflow in-
stead of using the azimuthally averaged veloc-
ity along an annular element the time averaged
velocities in discrete points in a fixed reference
frame have to be used.
In this work we only present the extracted in-
duced velocities for the idealised case with the
velocity step from 5 m/s to 10 m/s. The induced
velocities are extracted at four azimuthal posi-
tions: 0 deg., 90 deg., 180 deg., and 270 deg..
Figure 10 shows the induced axial, tangential
and radial velocities along the blade span.
5.4 Flowfield
Figure 11 shows a contour plot of the axial ve-
locity in a horizontal plane for the 0% TI case
that shows the upstream wake profile and the
interaction with the rotor. The wake expands
considerably more on the side of the upstream
wake than on the undisturbed side, with the
result that the wake destabilizes further down-
stream as a result of the high thrust coefficient.
Figures 12 and 13 show the flowfield for the
0% and 10% TI cases, which clearly illustrate
the skewing of the tip vortices due to the non-
uniform flowfield. In the 0% case, the depth
of the deficit causes the blade to interact with
the tip vortices from the previous blades due to
the negative velocity in the wake, whereas the
skewing is less severe for the 10% case.
Finally, we turn to the downstream develop-
ment of the wake. Figure 14 shows the axial
velocity in the wake at four downstream planes:
one, two, three and four rotor diameters (D)
downstream. Due to the rotation of the wake
the non-uniform wake deficit is swirled in a
counter-clockwise motion causing low velocity
flow from the right side of the wake to mix with
the higher velocity fluid from the left side. The
wake is seen to destabilize approximately one
and a half diameters downstream resulting in
further mixing of the two wakes.
Figure 12: Contour plot of the axial velocity in
a horizontal plane through the rotor center and
iso-surface of vorticity magnitude for the 0%
turbulence intensity case.
Figure 13: Contour plot of the axial velocity in
a horizontal plane through the rotor center and
iso-surface of vorticity magnitude for the 10%
turbulence intensity case.
Figure 14: Axial velocity one, two, three and
four diameters downstream of the rotor for the
10% TI case (Click on image to animate).
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Figure 10: Axial induced velocity as function radius at four azimuthal positions for the rotor operating
in strong shear at 8 m/s.
Figure 11: Contour plot of the axial velocity in a horizontal plane though the rotor center for the 0%
turbulence intensity case also showing an iso-surface of vorticity magnitude.
6 Discussion
This work is a continuation of the work pre-
sented in Zahle and Sørensen [19], where the
effect of strong atmospheric shear was investi-
gated for the same rotor used in this paper. In
the paper it was shown that the induction var-
ied significantly across the rotor disc indicat-
ing that azimuthally varying induction should
be implemented in BEM codes when run with
non-uniform inflow.
In the present simulations the induced ve-
locities were extracted for the idealised velocity
step case. Figure 10 shows the three compo-
nents of the induced velocity along the blade
at four azimuthal positions. As expected, the
induced axial velocity differs significantly be-
tween the 90 deg. and 270 deg. positions
with a very high induced velocity in the re-
gion where the rotor operates in wake. The
induced radial velocities indicate that a redistri-
bution of the upstream velocity field takes place
with high velocity fluid being pushed from the
undisturbed high velocity part of the inflow to-
wards the low velocity part of the inflow. This
phenomenon was also observed for the rotor
operating in shear and was also identified by
Troldborg et al. [17] in their actuator disc sim-
ulations. The redistribution is seen in the tan-
gential induced velocities with a large negative
velocity at 0 deg. azimuth and oppositely a
positive induced tangential velocity at 180 deg.
azimuth.
The apparent redistribution of the inflow is
also visible in the distribution of the local power
and thrust coefficients as shown in Figure 15.
As is evident, the rotor operates at a fairly con-
stant CP−local in both the low and high veloc-
ity regions. At the interface between the the
two regions, however, CP−local reaches val-
ues above one, which is hypothesized to be
caused by the aforementioned velocity redistri-
bution. The locally higher axially induced flow
combined with a change in the tangentially in-
duced velocity gives rise to a local increase in
angle of attack. The increase is larger at the
top since the induced tangential velocity con-
tributes to an increase in angle of attack at the
top, whereas it has the opposite effect at the
bottom. The same trend is seen for the lo-
cal thrust coefficient which is also shown in 15
(right). This local increase in CP−local could
be related to the increases in CP shown in Ta-
ble 2. It is also seen that the rotor operates
at a significantly higher CT−local when in wake
from the upstream turbine.
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Figure 15: Contour plot of the local power and thrust coefficients over one revolution for the velocity
step case.
7 Conclusions
A series of simulations of a fully resolved rotor
operating in a half-wake situation have been
carried out investigating the effect of different
upstream wakes on the loads on a turbine. It
was found that increased turbulence intensity
in the upstream wake profile gave rise to higher
power production as was expected. The power
coefficient was found to increase slightly for
three of the four wake cases compared to the
uniform inflow computation. The thrust coef-
ficients increased for all four cases, but were
constant for the different wake profiles.
Induced velocities were extracted for the ve-
locity step case, which showed a significant
variation in induction across the rotor. The in-
duced velocities also revealed a large cross-
flow component from the high velocity region
to the low velocity region. This cross flow com-
ponent was hypothesized to be related to the
increases in CP , also supported by plots iden-
tifying locally very high values of CP−local.
The complexity of the half-wake situation
was illustrated with various snapshots of the
flowfield showing for the 0% TI case interac-
tion of the blades with the tip vortices from the
previous blades. The combined wakes desta-
bilised from about 1D-2D downstream of the
rotor due to the assymmetry and high expan-
sion of the rotor wake.
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